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ABSTRACT
We analyze our earlier three-dimensional hydrodynamical numerical simulation of jet-inflated bub-
bles in cooling flow clusters, and find that dense gas that was not heated by the jets’ activity and
that resides around the hot jet-inflated bubbles can be identified as uplifted gas as observed in some
clusters. During the build up of the dense gas around the hot bubble, mixing of hot bubble gas with
other regions of the intracluster medium (ICM) heats the ICM. The vortices that mix the ICM with
the hot bubble gas also excite shock waves, sound waves, and turbulence. Sound waves, shocks, tur-
bulence, and uplifted gas, might be easier to detect than the mixing process and hence attract more
attention, but we argue that the contributions of these processes to the heating of the ICM do not
add up to the level of contribution of the mixing-heating process.
1. INTRODUCTION
Jets launched from the active galactic nucleus (AGN)
heat the intra-cluster medium (ICM) in cooling flows
in clusters, in groups of galaxies, and in galax-
ies. The heating process of the ICM and the radia-
tive cooling of the ICM operate in negative feedback
mechanism (e.g., Fabian 2012; McNamara & Nulsen
2012; Farage et al. 2012; Gaspari et al. 2013; Pfrommer
2013; Barai et al. 2016; for a recent review see Soker
2016). Many recent studies support the cold feed-
back mechanism (Pizzolato & Soker 2005) where cold
dense clumps that feed the AGN close the feedback
heating mechanism (e.g., Gaspari 2015; Voit & Donahue
2015; Voit et al. 2015; Li et al. 2015; Prasad et al.
2015; Singh & Sharma 2015; Tremblay et al. 2015;
Valentini & Brighenti 2015; Choudhury & Sharma 2016;
Hamer et al. 2016; Loubser et al. 2016; Russell et al.
2016; McNamara et al. 2016; Yang & Reynolds 2016;
Barai et al. 2016; Prasad et al. 2017; Tremblay et al.
2016; Donahue et al. 2017; Gaspari & Sa¸dowski 2017;
Gaspari et al. 2017; Hogan et al. 2017; Voit et al. 2017;
Meece et al. 2017 to list some papers from the last three
years).
While there is a large agreement that cooling and AGN
feeding operate via the cold feedback mechanism, there is
yet no agreement on the heating process, i.e., the manner
by which the jets transfer their energy to the ICM. One
can classify the heating processes into two categories.
In one type of heating processes the jets and the bub-
bles they inflate do work on the ICM by exciting shocks
(e.g., Forman et al. 2007; Randall et al. 2015; Guo et al.
2018), turbulence (e.g., De Young 2010; Gaspari et al.
2014; Zhuravleva et al. 2014, 2017), and sound waves
(e.g., Fabian et al. 2006, 2017; Tang & Churazov 2018)
, and/or by uplifting gas from inner regions (e.g.,
Gendron-Marsolais et al. 2017). In the second type
of heating processes energy from the hot jet-inflated
bubbles is transfered to the ICM, either as cosmic
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rays (e.g. Fujita et al. 2013; Fujita & Ohira 2013) or
by mixing (e.g., Bru¨ggen & Kaiser 2002; Bru¨ggen et al.
2009; Gilkis & Soker 2012; Hillel & Soker 2014, 2016;
Yang & Reynolds 2016). Combinations of two or more
processes are also possible, e.g., thermal conduction and
cosmic rays (e.g., Guo & Oh 2008), mixing of cosmic rays
inside jet-inflated bubbles with the the ICM (Pfrommer
2013), and heating by turbulence and turbulent-mixing
(e.g. Banerjee & Sharma 2014).
Different studies argue that some of the pro-
posed heating processes cannot work efficiently, e.g.,
shocks (e.g., Soker et al. 2016) and turbulent heat-
ing (e.g., Falceta-Gonc¸alves et al. 2010; Reynolds et al.
2015; Hitomi Collaboration et al. 2016; Hillel & Soker
2017a; Bambic et al. 2018). Shocks and turbulence
are excited by jet-inflated bubbles, as sound waves
are (e.g., Sternberg & Soker 2009), and are indeed
observed. Turbulence was detected in cooling flows
(e.g., Zhuravleva et al. 2014, 2015; Are´valo et al. 2016;
Anderson & Sunyaev 2016; Hofmann et al. 2016), most
impressive in the the Perseus cluster by the Hitomi
telescope (Hitomi Collaboration et al. 2016, 2017), but
seems to be too weak to account for the required heating
of the ICM in cooling flows.
In previous papers we argued that the main heating
process by jet-inflated bubbles is mixing of hot bub-
ble gas with the ICM (for a different view see, e.g.,
Weinberger et al. 2017). The process of bubble infla-
tion by jets forms many vortices on the boundary of
the jets and the bubbles with the ICM. These vortices
mix the hot bubble gas with the ICM (Gilkis & Soker
2012; Hillel & Soker 2014, 2016, 2017a; Yang & Reynolds
2016). The mixing process does not destroy the bubbles
and they can buoy out (Hillel & Soker 2014). Along-
side the heating by mixing, the jet-inflated bubbles ex-
cite shocks, sound waves, and turbulence, but these play
a smaller role in heating the ICM than mixing does. In
the present study we consider recent claims that bubble-
uplifted cool gas heat the ICM, and argue that this is an-
other process that comes alongside the inflation of bub-
bles, but plays a less significant role than heating by
mixing.
Uplifting of cool gas by bubbles has been observed
and studied for a long time (e.g., Russell et al. 2017;
2Su et al. 2017 for recent papers and references therein).
Gendron-Marsolais et al. (2017) claim that the uplift en-
ergy could be an important source of heating in cooling
flows. Protrusions that are seen on the boundary of jets
and bubbles in the radio image of NGC 1399 (Su et al.
2017, their figure 4) hint at a complicated interaction
process of the jets and bubbles with the ICM, e.g., insta-
bilities. We argue that mixing takes place in the bound-
ary.
We note that there are two basic types of uplifted gas.
The first is a hot X-ray emitting gas, but cooler than the
surroundings, that forms a bright X-ray rim around the
X-ray deficient cavities (bubbles; e.g., Russell et al. 2017;
Su et al. 2017; Gendron-Marsolais et al. 2017). This is
the subject of this paper. The second is cold gas that
is observed at much longer wavelength (IR, optical, UV)
and it usually trails behind bubbles, as simulated by,
e.g., Guo et al. (2018). As well, Churazov et al. (2001)
simulated X-ray emitting gas that rails bubbles.
In the present paper we analyze our previous numerical
simulations (described in sections 2 and 3) to show that
while mixing-heating is taking place on the sides of the
jets and bubbles they inflate, a cool gas is uplifted by
the bubble (section 4). In the present study we refer
to the uplifting of X-ray emitting gas that surrounds the
bubbles. We discuss and summarize our claims in section
5.
2. NUMERICAL SETUP
We analyze in a new way the same 3D hydrodynami-
cal simulation that we first presented in an earlier paper
(Hillel & Soker 2016). Details of the numerical scheme
and of the simulation can be found in that paper. Here
we present only the essential properties and parame-
ters of the simulation. As the simulation contains a
large amount of data, we emphasized different aspects
in follow-up papers. We applied our numerical results to
the galaxy group NGC 5813 (Soker et al. 2016), to the
interpretation of the observations of the Perseus cluster
of galaxies by Hitomi (Hillel & Soker 2017a), and to show
that the heating by mixing can account for gentle heat-
ing of the ICM (Hillel & Soker 2017b) as argued for by
Hogan et al. (2017).
We carried out the 3D hydrodynamical simulation with
the pluto code (Mignone et al. 2007). We performed
the computation in one octant of space, and took the
Cartesian axes in that octant to be 0 ≤ x ≤ 50 kpc,
0 ≤ y ≤ 50 kpc and 0 ≤ z ≤ 50 kpc. We took z = 0
to be the symmetry plane, and so the z axis is along the
symmetry axis of the jet. In reality the AGN launches
two opposite jets, but the octant-grid implies that we
study only one jet. At the inner planes of the computa-
tional grid, x = 0, y = 0 and z = 0, we enforced reflective
boundary conditions. We applied outflow boundary con-
ditions at the outer boundaries of x = 50 kpc, y = 50 kpc
and z = 50 kpc. We did not include viscosity nor heat
conduction in the simulation, but we did include radia-
tive cooling. We used adaptive mesh refinement with a
highest resolution of ≈ 0.1 kpc.
The properties of the jet are as follows. It has a
half-opening angle of θj = 70
◦, an initial velocity of
vj = 8200 km s
−1, and an initial circular cross section√
x2 + y2 ≤ 3 kpc at the plane z = 0 where we injected
the jet. We simulate slow and massive jets that are dom-
inated by kinetic energy at injection. We notice that
there are numerical simulations that use subsonic very
light jets that are dominated by thermal energy or cos-
mic rays (e.g., Guo & Mathews 2011; Guo 2016).
The jet is intermittent. We injected the jet for a time
period of 10 Myr, starting at time t = 0, and then shut it
off for a quiescence time period of 10 Myr. The jet-active
time intervals are given by
20(n− 1) ≤ tjetn ≤ 10(2n− 1), n = 1, 2, 3 . . . . (1)
During the active phase the power of the jet and
its mass outflow rate are such that for the two jets
in reality the power and mass outflow rate are E˙2j =
2× 1045 erg s−1, and M˙2j = 2E˙2j/v
2
j = 94M⊙ yr
−1, re-
spectively. Because we injected the jet with a density
of about 10−26 g cm−3 that is much below the ambient
density, and with an initial temperature equal to that of
the ambient gas T0 = 3×10
7 K, the pressure of the jet at
injection is much lower than that of the ambient medium.
This implies that the initial thermal energy of the jet is
much smaller (about 3 per cent) than its initial kinetic
energy. Observations (e.g., Arav et al. 2013) show that
such slow, massive, and wide outflows do exist.
At the beginning of the simulation we set the tem-
perature of the ICM to be TICM(0) = 3 × 10
7 K in the
entire grid. We included radiative cooling from Table
6 of Sutherland & Dopita (1993) for a solar metallicity
gas. We took the initial ICM density profile to be (e.g.,
Vernaleo & Reynolds 2006)
ρICM(r) =
ρ0[
1 + (r/a)2
]3/4 , (2)
where ρ0 = 10
−25 g cm−3 and a = 100 kpc. We set
the gravitational field to maintain an initial hydrostatic
equilibrium, and we kept the gravitational field constant
in time.
3. THE CHARACTARISTICS OF THE
SIMULATIONS
Our simulation that we have presented in four previous
papers in the last two years, contains a vast amount of
information, and it is impossible to present all aspects
in one paper. We here present a new analysis aiming
to reveal the formation of the uplifted cool gas, while
showing the process of mixing of the hot bubble gas
with the ICM. However, the setup of the simulations
did not include all the desired features for the present
purpose that is motivated by a new observational pa-
per (Gendron-Marsolais et al. 2017). We therefore first
discuss the characteristics and limitations of our simula-
tion.
In the heavy numerical simulation we have performed
we used the simplest initial conditions. One of these
simplifications was to take the initial temperature of the
ICM to be the same in the entire grid T0 = 3 × 10
7 K.
Therefore, unlike real clusters of galaxies where the gas in
the inner region is cooler than the ICM gas further out, in
our simulation the uplifted gas starts with a temperature
that is equal to that of the ICM gas further out. This
implies that in our simulation the uplifted gas has about
the same temperature as the gas in its surroundings.
3The second feature that does not directly reproduce
the cluster NGC 4472 that Gendron-Marsolais et al.
(2017) analyze and that motivated the present study is
that we repeat jets activity after a quiescence period of
only 10 Myr. This has two consequences. The first one is
that there is an outward propagating shock ahead of the
hot bubble and not far from the bubble. It was formed
by the last or next to last jets activity episode. Just
behind the shock there is a dense hot gas that is not nec-
essarily present in all clusters. Then there is the shock
that is excited by the last jets activity episode, and that
eventually breaks out of the bubble. As it breaks out it
forms a hot region just above the bubble. Again, this
shock does not necessarily exist in all clusters.
We present this evolutionary sequence in figure 1. Note
that the temperature and density colors emphasize the
material outside the hot bubbles, hence do not cover the
very high temperatures and low densities inside the hot
bubble. For the specific times of the three panels, along
the propagation axis (vertical axis) the outer shock prop-
agates from ≃ 32 kpc to ≃ 37 kpc. The hot post-shock
gas is seen in yellow in the temperature maps (left col-
umn). The break out of the next shock is seen in the
lower panels as a dense and a hot shell, e.g., as a yellow
shell in the temperature map. If we did not turn on the
last jets activity episode, this dense shell would not be
there.
To further emphasize the characteristics of our simu-
lation, in Fig. 2 we present the evolution while the third
jets-activity episode takes place. Now we can see two
shocks ahead of the hot bubble, those that were excited
by the first two activity episodes. We can see that af-
ter the passage of the second shock a dense layer of gas
develops above the hot bubble. This is the uplifted gas
that we discuss in the next section.
In what follows, we take it that in the cluster
NGC 4472 the last jets-activity episode took place a long
time ago, and the shock is far away. We will therefore
ignore the appearance of the new shock break-out and
the post-shock gas of the shock ahead of the hot bubble,
and study only the gas in between the bubble and the
outer shock before the next shock break-out.
4. THE COOL UPLIFTED GAS
As seen in Figs. 1 and 2 regions of dense gas
develop around the hot bubble after the passage of
the last shock. We identify this gas as the uplifted
gas that is observed, e.g., in Abell 1795 (Russell et al.
2017), in NGC 1399 (Su et al. 2017), and in NGC 4472
(Gendron-Marsolais et al. 2017). We mention again that
even in the inner regions of our numerical grid the initial
temperature of the ICM was T0 = 3 × 10
7 K. What we
can see is that the dense gas around the hot bubble was
not heated up by the passage of even two shocks. This is
along our earlier findings that the main heating process
of the ICM is mixing of hot bubble gas with the ICM
(Hillel & Soker 2016). The density of what we identify
as the uplifted gas is about 5% higher than the ambient
density (density ratio of ≈ 1.05). Had we started with
a realistic cooler core, the density ratio would be higher
than 1.05.
To further demonstrate that the dense regions around
the bubble are not hotter than their initial temperature,
in Fig. 3 we present temperature contours superimposed
on the density color maps at two times.
Let us examine the region around the coordinates
(x, z) = (8 kpc, 20 kpc) in the upper panel of Fig. 3.
Closer to the vertical axis there is a dense region with a
temperature just slightly above the initial temperature
(closed with the thick line). Then there is a region be-
tween the thick temperature contour line and the contour
line of T = 2.8 × 107 K. This dense gas is cooler than
its initial temperature. Had we started with a realistic
cooling flow temperature profile, where the gas in the
center is cooler, the region we discuss would have been
cooler and, because of pressure equilibrium, denser than
the present gas there. The same holds for some other
regions around the hot bubble.
We can identify similar regions around the hot bubble
at later times in the lower panel of Fig. 3. For exam-
ple, there is an elongated dense and low temperature gas
along x = 22 kpc in the range 11 kpc . z . 21 kpc.
We can see dense gas that is hotter than the initial tem-
perature at two types of regions (red in the two panels of
Figs. 3). The first type of region is the gas immediately
behind the outer shock(s). But this gas then expands
and cools adiabatically and its entropy does not increase
much (Gilkis & Soker 2012; Hillel & Soker 2014). The
second type of heated gas can be seen on the outskirts
of he bubble near the equatorial plane. This is ICM gas
that is being heated by its mixing with the hot bubble
gas. This, we argue, is the main heating process of the
ICM.
5. DISCUSSION AND SUMMARY
Uplifted (dragged) dense gas is clearly seen in
numerical simulations of jet-inflated bubbles, e.g.,
Sternberg et al. (2007), figure 1 in Sternberg & Soker
(2008) and figure 5 of Gilkis & Soker (2012). We here
described dense gas that was not heated and that resides
around the hot bubble, as appears in our earlier 3D hy-
drodynamical simulation of jet-inflated bubbles (section
4). We identify this dense gas as the observed uplifted
gas.
From their observations of the cluster NGC 4472
Gendron-Marsolais et al. (2017) argue that when the up-
lifted gas falls back toward the center it can heat the
ICM. We note the following. When the dense gas falls
back it moves subsonically as its density is not much
larger than that of the ambient gas. This relative mo-
tion pushes gas and excites sound waves. The sound
waves are expected to carry energy out of the cool-
ing flow region. The falling dense gas can excite tur-
bulence, but as Hitomi showed for the Perseus cluster
(Hitomi Collaboration et al. 2016, 2017), the turbulence
is too weak to account for heating.
If the bubbles lift gas that later falls back, then the
same amount of energy, or even more, is expected to dis-
sipate as the dense gas is dragged out, because the veloc-
ity out is not much different than the fall-back velocity
toward the center.
In the observations of NGC 4472
(Gendron-Marsolais et al. 2017) the dense gas was
lifted a distance of about 4 kpc from the center in
about 18 Myr. The average outward velocity is about
200 km s−1. The fall-back velocity is a fraction of the
sound speed, and is not expected to be much larger, or
even not larger at all, than this value (Pizzolato & Soker
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Fig. 1.— Temperature (left) and density (right) maps of the evolution at three times as indicated on the panels after one full jets activity
episode and during the second jets activity episode. The temperature and density ranges emphasize the material outside the hot bubble,
hence misses very high temperatures and low densities inside the bubble that is seen in red in the temperature maps. The outer shock
that was excited by the first episode is propagating ahead of the hot bubble. At t ≃ 26 Myr the shock that was excited by the second
jet-activity episode breaks out from the hot bubble. The arrows depict velocity with length proportional to the magnitude of the velocity
up to 400 km s−1, and higher velocities are marked with arrows with the same length as that of 400 km s−1. Note the vortices close to
the equatorial plane. These mix hot bubble gas with the ICM, and lead to mixing-heating.
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Fig. 2.— Like Fig. 1, but during the third jets activity episode.
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Fig. 3.— Density maps at two times in the simulation, with
superimposed constant-temperature contour lines. The thick-solid
line corresponds to T0 = 3×107 K which is the initial temperature
of the ICM. Thin-dashed lines correspond to lower temperature
of T = {2.4, 2.6, 2.8} × 107 K, and thin solid lines correspond to
higher temperatures of T = {3.2, 3.4, 3.6} × 107 K.
2010). Overall, the fall back can add to the tur-
bulence of the ICM, which at least in the case of
the Perseus cluster that was observed with Hitomi
(Hitomi Collaboration et al. 2016) is not sufficiently
strong to heat the ICM (Fabian et al. 2017).
Over all, the motion of the dense clumps and their dis-
tortion seems to perturb the ambient medium and excite
weak sound waves. This can be seen by the temperature
fluctuations around the clumps in a simulation that we
presented in an earlier paper (figure 10 in Hillel & Soker
2016). We argue that when dense clumps fall-in, with
velocity much lower than the sound speed, sound waves
carry most of the gravitational energy that is released
by the clumps. The sound waves dissipate in the large
volume of the cluster and do not heat much the inner
zones where the gas cools the most.
The main result of the present paper is that we show
that dense gas, that is identified as uplifted gas, is
formed around hot bubbles as they are inflated and
rises outward, while mixing heats the ICM. Although
we attribute most of the heating to mixing, uplifted
gas does play a crucial role in the feedback cycle.
Pizzolato & Soker (2005) argue that jets and bubbles
form nonlinear perturbations that later form to cold gas
condensation that feed the AGN within the frame of the
cold feedback mechanism. Hogan et al. (2017) further
suggest that uplifted gas is likely to be the seed of these
nonlinear perturbations. The uplifted gas that is later ac-
creted by the AGN can cause the directions of later jets
to substantially change, hence leading to jittering jets in
cooling flows (Soker 2018). Such jittering jets make the
heating process of the ICM by mixing more uniform.
On a broader scope, we argue that the main heating
process of the ICM is mixing of hot bubble gas with
the ICM. This mixing is caused by many vortices that
are formed during the inflation process of the bubbles.
The vortices also excite sound waves, shocks, and tur-
bulence. The inflation of the bubbles and their outward
motion further excites sound waves, turbulence, and now
we have shown that dense gas forms around the bubbles.
These effects, of sound waves, shocks, turbulence, and
uplifted gas, might be easier to detect than the mixing
process and hence attract more attention. But all these
processes that accompany the inflation of bubbles do not
contribute to heating as much as the mixing-heating con-
tributes (Hillel & Soker 2016, 2017a).
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